Abstract. The 2015/16 Northern Hemisphere winter season was marked by peculiarities in the circulation pattern in the high-latitude mesopause region. Wind measurements from the Andenes (69 • N, 13 • E) meteor radar show westward winds below 84 km and eastward winds above. This wind pattern in the zonal wind was observable between the end of December 2015 and the end of January 2016, i.e., conditions that are typical for the summer were found during winter. Additional meteor radar measurements at midlatitude stations did not show such a zonal wind reversal but indicate, together with the polar latitude stations, a reversal of the horizontal temperature gradient. This is confirmed by global satellite measurements. Therefore, it is plausible that the polar latitude summer-like zonal wind reversal in DecemberJanuary is in accordance with the reversed horizontal temperature gradient assuming a thermal wind balance between mid-and polar latitudes. The reversed horizontal temperature gradient itself is induced by stationary planetary waves at lower and midlatitudes in the mesosphere, leading to a weakening of the residual circulation above the European sector.
Introduction
The Northern Hemisphere winter season (November to March) is usually dominated by eastward winds in the middle atmosphere (e.g., Manson and Meek, 1991; Hoffmann et al., 2002; Jacobi et al., 2009; Xu et al., 2011; Matthias et al., 2012) . The strongest eastward winds occur around the stratopause. However, sometimes this eastward wind reverses in the mesosphere and stratosphere due to planetary waves (PWs) interacting with the background wind (Matsuno, 1971; Andrews et al., 1987) and sometimes this coupling causes so-called sudden stratospheric warmings (SSWs), first detected by Scherhag (1952) , when the zonal wind reverses in the whole middle atmosphere for a few days, which also holds for the mesosphere lower thermosphere (MLT) (e.g., Scherhag, 1952; Gregory and Manson, 1975; Cevolani, 1989; Jacobi et al., 1997 Jacobi et al., , 2003 Hoffmann et al., 2007; Matthias et al., 2013; Limpasuvan et al., 2016) . A recent review using SD-WACCM can be found in Chandran et al. (2014) . In addition to the planetary waves, the zonal wind in the middle atmosphere is also driven by gravity waves and tides. The amplitude of these waves becomes larger with increasing altitude due to the decreasing pressure and density.
The Arctic polar vortex in early winter 2015/16 was unusually cold and strong compared to previous years (Matthias et al., 2016) . Here we are going to focus on another unusual feature observed by meteor radar (MR) observations in the polar mesosphere in December-January of the same winter. The dominating eastward wind in the middle atmosphere is reversed to westward winds below 84-82 km in polar latitudes (around 69 • N) without the occurrence of the typical stratospheric SSW signature (after World Meteorological Organization (WMO) definition, see e.g., Chandran et al., 2014) . The exceptionally strong summer-like upper mesospheric zonal wind reversal started at the end of December 2015 and lasted for 4 weeks until the end of January 2016. Further on we are going to call this wind pattern summer-like mesospheric zonal winds. We associate this unusual wind regime at altitudes between 70 and 80 km with geostrophic and thermal wind balance due to a large-scale meteorological circulation pattern leading to a weakening of the residual circulation (Kinoshita et al., 2010) within the polar cap above the European sector.
In this paper we investigate this peculiarity of the winter 2015/16 by combining local MR wind and temperature measurements at Andenes (69.1 • N, 13.0 • E), Juliusruh (54.7 • N, 13.3 • E) (Stober et al., 2012) and Collm (51.3 • N, 13.0 • E) (Jacobi et al., 2007) with global satellite observations. The temperature measurements of the Andenes MR are confirmed by nearby Fe-lidar observations conducted at ALO-MAR (69.1 • N, 13.0 • E). In total 292 h of lidar observations were gathered from December to March 2016.
The ground-based instruments are complemented by satellite observations. We use the Microwave Limb Sounder (MLS) measurements onboard the AURA satellite, which provides a global data set for the stratosphere and mesosphere Livesey et al., 2015) . In particular, we assess the latitudinal and longitudinal changes induced by stationary PWs.
Section 2 provides a description of the MR wind and temperature measurements, as well as a short summary of the Fe-lidar temperatures and an overview of the MLS data. The peculiarity of the Northern Hemisphere winter 2015/16 is described and compared to normal winter conditions in Sect. 3. These results are discussed in light of planetary wave activity in Sect. 4 and concluded in Sect. 5.
Description of the observations and methods

Meteor radar observation and wind analysis
In this study we present observations of three meteor radars located at Andenes (69.3 • N, 16.0 • E), Juliusruh (54.6 • N, 13.3 • E) and Collm (51.3 • N, 13.0 • E). The experiment settings and technical specifications of each system can be found in Table 1 . A more detailed description of the basic analysis software with regard to the meteor detection and radial velocity determination is given in Hocking et al. (2001) .
The meteor radar winds are computed applying a modified version of the so-called all-sky fit (Hocking et al., 2001) . We obtain hourly winds by shifting a 2 h window by 1 h. Each meteor within the window is weighted by its statistical uncertainty and by its temporal distance from the center of the window using a Gaussian kernel. A similar procedure is applied to account for altitude offsets between the observation and the altitude where we reference our wind analysis. We use a 3 km altitude kernel centered at the reference altitude shifted by 2 km.
To further enhance the altitude coverage and to remove outliers or erratic data from our measurements, we include additional constraints in our wind analysis. In particular, at the upper and lower edges of the meteor layer, the number of meteor detections is low and their spatial distribution may introduce difficulties in estimating both horizontal wind components with a reasonable error. Therefore, we implemented a regularization accounting for the gradients in space (vertical), The gradients are estimated for each time and altitude bin using the local derivative of the neighbor bins in space and time. At least two neighbors with a reliable wind measurement are required, which ensures a proper upper and lower boundary and no extrapolation of the winds without a sufficient number of measurements. Furthermore, we put a constraint on the vertical velocity to be w ≈ 0, which appears to be reasonable, considering the observational diameter of 425 km at 90 km altitude and the integration period. Using these additional constraints in the wind analysis allows the use of only four meteors to obtain mean winds with a still acceptable error and we reduced the impact of erratic data or outliers on the obtained winds.
Due to the regularization, the wind computation is more complex and requires an iterative scheme. First we compute an initial guess of the winds for all altitudes and each time step (typically 24 h plus 1 h before and after). Based on this initial guess we estimate the gradient terms for each wind component and derive a new solution, which now includes the regularization constraints. We repeat this procedure until our wind solution does not show a significant change anymore. Usually not more than five iterations are needed.
The statistical uncertainties in the horizontal winds, applying the procedure described above and using the full error propagation from the radial velocity, range within 1-5 m s −1 . The largest statistical uncertainties are observed at the upper and lower edges of the meteor layer. In general the statistical uncertainties tend to become larger when fewer meteors are included in the wind fit. A more detailed comparison of the obtained MR winds with the Navy Global Environmental Model (NAVGEM) is given in McCormack et al. (2016) .
The hourly winds obtained are further analyzed to derive the tidal amplitudes and mean winds. Therefore, we decompose our measured winds into mean zonal and meridional winds u 0 , v 0 and diurnal, semidiurnal and terdiurnal tidal components using the following approach:
Here T n takes values of 24, 12 and 8 h to account for the three tidal components and a n , b n are coefficients of the tidal amplitude for each wind component.
In this study we focus on mean winds during the winter season 2015/16. Thus, we determined the mean zonal and meridional winds as well as the tidal amplitudes using a 3-day average centered at the respective day.
The mean winds are obtained using a newly developed adaptive spectral filter, which uses a sliding window of a predefined length and fits the tidal amplitudes for each tidal component accounting for the number of wave cycles within the window. In a first step we fit for the mean wind and diurnal, semidiurnal and terdiurnal tides using, for example, a 24 h window. Then we subtract the mean wind component and the diurnal tide from our observations and fit the residual with a 12 h window centered at the respective time to estimate the semidiurnal tide. A similar procedure is then applied to estimate the terdiurnal tidal amplitude with an 8 h window. This results in a time series with a 1 h resolution for the mean winds and the diurnal, semidiurnal and terdiurnal tides, which is then subtracted from our hourly wind observations. The gravity wave (GW) activity is mainly given by the residuum and contains all fluctuations different than the tides or planetary waves.
Temperature measurements by lidar and meteor radar
Since July 2014 we have obtained MLT temperature profiles with a mobile scanning Fe lidar at ALOMAR (Höffner and Lautenbach, 2009) . The system uses a two-wavelength (772 nm and 386 nm) alexandrite laser, one at the Dopplerbroadened iron resonance line and the other one at twice the frequency of the iron resonance. The system has full daylight capabilities and is hence suitable for performing continuous temperature observations at the MLT as long as the tropospheric weather situation permits it. A more detailed description of the lidar and iron chemistry is given in Lübken et al. (2015) and Viehl et al. (2015) . The typical statistical uncertainty of the temperature measurement is < ±5 K with a 1 h integration and a 1 km vertical resolution. However, the altitude coverage and the possibility of inferring temperatures from the iron layer at the MLT depends on the Fe densities and their vertical distribution as well as the temporal evolution of the layer . In winter high iron number densities often allows temperature measurements with ±1 K at the peak of the layer, which is close to 88 km altitude.
During January 2016 we had a rather unique weather situation above northern Norway with long-lasting cloud-free conditions for several successive days. Thus, we were able to conduct a temperature comparison with our MR observations. Therefore, we computed a 24 h mean temperature value from the hourly lidar data and determined the geophysical variability by estimating the variance for each 24 h period. The continuity of the lidar temperature observation ensured that the daily mean value was unbiased with regard to the tides, which is essential as we want to compare it to a daily mean temperature from the MR.
Another technique to estimate the mesopause temperature uses the ambipolar diffusion of meteor trails (Tsutsumi et al., 1994; Hocking et al., 1997 Hocking et al., , 2001 Stober et al., 2008) . This technique requires a calibration to remove, for example, the effect of ice (summer mesopause at polar latitudes) and dust ambient to the meteor trail on the decay time (Singer et al., 2008) , which is of particular relevance below 82-84 km in summer. A first comparison of lidar and MR temperatures applying the outlined procedure can be found in Stober et al. (2012) .
Our MR temperatures are derived by using the method described in (Hocking et al., 1997) . However, we consider the temperature gradient as calibration constant, as we have no direct possibility to obtain it from our observations and the exceptionally strong summer-like upper mesospheric zonal wind reversal is not well represented in empirical models like, NRLMSISE-00 (Picone et al., 2002) . Thus, our absolute MR temperatures are tuned to fit the lidar and seasonal mean MLS satellite observations. The relative temperature variation is not affected by this procedure. We basically debias and calibrate our absolute temperatures using a seasonal reference from November 2015 to March 2016.
Microwave Limb Sounder
To compare the local measurements with global observations and to perform a planetary wave analysis, we use temperature and geopotential height data from MLS onboard the Aura satellite (Waters et al., 2006; Livesey et al., 2015) . MLS has a global coverage from 82 • S to 82 • N on each orbit and a useful height range from approximately 11 to 97 km (261-0.001 hPa) with a vertical resolution of ∼ 4 km in the stratosphere and ∼ 14 km at the mesopause. The temporal resolution is 1 day at each location and data are available from August 2004 until today (Livesey et al., 2015) . Version 4 MLS level 2 data are used and the recommended quality screening procedures of Livesey et al. (2015) have been applied. To estimate the PWs we used the same analysis as described in Matthias et al. (2012) . Figure 1 shows a composite of the seasonal pattern of the daily zonal and meridional winds in the mesosphere above Andenes, which is also qualitatively representative for midlatitude stations. The zonal wind shows the characteristic seasonal pattern with weak eastward winds in winter, which then reverses in spring (March-April) into a weak westward wind at all altitudes (e.g., Hoffmann et al., 2010; Xu et al., 2011; Manney et al., 2008) . Towards the summer months a strong wind shear occurs with eastward winds above 85-93 km and a strong westward jet below. At the end of the summer (late August-September) the circulation regime changes to a weak eastward wind at all altitudes. The major difference between the polar and midlatitudes is given by the height of the summer wind reversal. At midlatitudes the wind reversal occurs at 1-2 km lower altitudes (Hoffmann et al., 2010) . The meridional wind component shows a weaker seasonal pattern with a small southward wind enhancement in summer, at altitudes where the zonal wind shear occurs. Figure 2 shows the time series of the zonal and meridional wind at Andenes, Juliusruh and Collm in winter 2015/16. At polar latitudes we found a wind reversal in the zonal wind at 82-84 km altitude starting at the end of December 2015 and lasting almost a month. We emphasized this period with vertical black lines in Fig. 2 . Usually a zonal wind reversal in winter is associated with SSWs. In this case neither the zonal mean zonal wind nor the temperature gradient at 10 hPa at 60 • N are reversed (not shown, WMO definition of minor and major SSW; see Chandran et al., 2014) . Thus, the observed mesospheric zonal wind reversal cannot be associated with an ongoing SSW. The midlatitude stations are characterized by typical planetary wave activity throughout the winter season and do not indicate such a reversal in the wind. The period of the summer-like mesospheric zonal winds at Andenes is followed by two minor SSWs (no wind reversal at 10 hPa but a reversed temperature gradient at 10 hPa), which are not subject of this study and will therefore not be further discussed. Figure 3 shows a comparison of the vertical structure of the zonal wind above Andenes for a typical summer (blue), a typical winter January profile (green) averaged from 2002 to 2016 and a mean vertical profile (red) averaged from 26 December 2015 to 5 January 2016. The mean summer and January profiles are computed using the complete available data set for the Andenes MR. The error bars for the mean summer profile (blue) represent the geophysical variability, which is also representative for the other two profiles. To underline the statistical significance of the exceptional zonal wind profile the error bars of the other two profiles (mean January 2016, red; and climatological mean January, green) show the statistical uncertainties, which are representative for the other profiles as well. However, we have to note that the geophysical variability is approximately of the order of 15-20 m s −1 for all three profiles and altitudes. The mean January profile (green line) indicates almost no vertical variability and shows constant wind speeds between 5 and 6 m s −1 . This is understandable as most of the variability during the winter season is due to the presence of PWs, which have long vertical wavelengths and more or less disappear by averaging over the winter months (December, January and February). The summer profile (JJA -June, July and August) shows a strong gradual increase in the wind speed from −30 up to 20 m s −1 at 98 km and decreases above this height. The zero line transition occurs at approximately 87-89 km altitude. The vertical zonal wind profile of the summer-like condition is vertically shifted compared to the mean summer circulation. The zero line crossing occurs at 79 km altitude and the wind maximum is reached at approximately 90 km. Above 90 km the zonal wind remains nearly constant before it starts to decrease again above 95 km. In principle the vertical profile looks rather similar to the mean summer circulation regime, but is shifted by 10 km to lower heights. The westward winds below 79 km are confirmed by geostrophic winds (cyan) around Andenes (67-72 • N, 0-30 • E) calculated from MLS geopotential height data (Andrews et al., 1987) . The geopotential altitudes were corrected in the mesosphere to ensure a more reliable comparison to the MR profiles. The difference between geopotential height and geometric altitude can be as large as 5 km for the uppermost MLS levels. Above 85 km altitude the obtained geostrophic winds show larger discrepancies compared to the local radar observations. We attribute these differences to the temperature and geopotential height retrieval of MLS, which tend to have a larger bias and uncertainty for geopotential heights above 85-87 km .
The temporal evolution of the mesospheric temperature at 88 km altitude is shown in Fig. 4 we observe a rather normal situation throughout the winter, with temperatures ranging from 180 to 220 K. The temperature time series shows some modulation due to the presence of PWs, whereas the temperature above Andenes indicates a major difference compared to the midlatitude stations. At Andenes the temperature drops from the typical winter values of 190-210 K to approximately 170 K in December and remains significantly lower until the minor SSW at the end of January. Finally, after mid-February the mesosphere temperature reaches similar values at all three stations. At this time the transition towards the summer circulation regime had already started.
The green data points in Fig. 4 represent measurements with the Fe lidar at ALOMAR co-located to the Andenes MR. Although the temporal resolution of the Fe lidar could be better than 1 h, we processed the data similar to the MR to obtain a 24 h median temperature and a temperature variability within each 24 h period. This variability contains all waves within the 24 h window. The weather conditions in January 2016 were good enough to derive daily mean temperatures and a temperature variability for several days from 6 to 19 January 2016. The MR and the Fe lidar are in reasonable agreement and show a PW with similar temperature amplitude.
Discussion
The observed summer-like mesospheric zonal winds during the winter season 2015/16 are unusual. In the following we discuss possible reasons for the observed wind regime at the MLT with regard to gravity waves and planetary waves.
The role of gravity waves in the MLT
The summer time zonal wind reversal in the MLT at midand polar latitudes (see Fig. 1 ) is attributed to vertically propagating GW, carrying energy and momentum up to the MLT. Depending on the propagation direction and phase speed of the GW and on the zonal wind characteristics, there is a strong filtering effect at different altitudes. The summer stratosphere is characterized by westward winds filtering most of the westward-propagating GW when the phase speed of the waves is lower than the horizontal wind velocity u and, hence, the GW reach a critical level while upward propagat- ing. Eastward-propagating GWs that were generated above the tropospheric jet or were able to penetrate through it can propagate to the MLT without such a critical-level filtering at stratospheric heights. At the MLT region these GWs become instable and deposit eastward-directed momentum onto the mean flow, leading to the observed wind reversal in the summer MLT (e.g., Fritts and Alexander, 2003; Becker, 2012) .
In December 2015 and January 2016 the extraordinary strong polar vortex with zonal eastward wind speeds above 50-100 m s −1 in the stratosphere should have filtered almost all eastward propagating GW. Considering these high wind speeds in the polar vortex at stratospheric heights and under the assumption that the critical-level filtering is present, the exceptionally strong summer-like upper mesospheric zonal wind reversal is not explainable by eastward-propagating GW of orographic or tropospheric origin. To what extent secondary GW, generated above the strong polar vortex, may impact the observed zonal wind reversal at the MLT will be investigated in a separate study. We also investigated a potential effect due to the tidal activity. In particular, we found no changes in the total semidiurnal tide activity for the last winter season (data not shown) that could be associated with the observed changes in the zonal wind.
Geostrophic and thermal wind balance
Assuming a thermal wind balance we can associate the vertical wind shear in the zonal wind to a horizontal temperature gradient. Thus, a zonal wind shear or a zonal wind reversal is related to a change in the meridional temperature gradient. Therefore, we estimate the temperature gradient between po- lar and midlatitudes using the temperature information from our MRs in Andenes and Juliusruh. The temperature difference between both stations is approximately 15-20 K for the time period of the summer-like mesospheric zonal winds at 90 km altitude. Furthermore, we infer the pressure difference between mid-and polar latitudes by taking into account the neutral air density variation from the meteor ablation altitudes (Stober et al., 2012) . Considering the geopotential height difference and the temperatures between Andenes and Juliusruh, we obtain a pressure gradient of 4 % between both stations. Assuming a geostrophic wind balance, this pressure gradient is related to a strong eastward acceleration at approximately 90 km. But how can we explain the weak westward winds in the mesosphere between 70 to 82 km altitude, which are partly seen by the Andenes MR and which are reproduced by the MLS-derived geostrophic winds (Fig. 3) . The remarkable agreement between the MLS and MR winds above Andenes is already a first indication that the zonal wind reversal is explainable by a geostrophic and thermal wind balance, or in other words by a large-scale meteorological circulation pattern in the mesosphere.
In order to assess the horizontal scale of the meridional thermal gradient, we estimated the horizontal temperature gradient between the mid-and polar latitudes from MLS temperature measurements and the evolution of the gradient over the winter season. This is shown in Fig. 5 , where the dashed vertical lines indicate the period of the zonal wind reversal in the mesosphere as observed by the Andenes MR. The temperature gradient is estimated above the European sector (0-30 • E), subtracting the MLS temperatures at 80 • N from the midlatitudes at 40 • N for each pressure level. At the stratopause level (≈ 60 km) there is a positive temperature gradient until the first minor SSW at the end of January, which is representative for a typical winter situation. Due to the zonal-mean residual-circulation-driven downwelling above the winter hemispheric pole area, one expects higher temperatures within the polar cap stratosphere compared to the midlatitude stratosphere (e.g., Becker, 2012; Chandran et al., 2014) . Above the stratosphere, we find a reversed temperature gradient, which remains almost persistent from the end of December until the two minor SSWs.
Our observations lead us to two implications. Firstly, during the period of the zonal wind reversal in the mesosphere we observe normal conditions in the stratosphere and lower mesosphere. Typical signatures of an ongoing SSW like the reversed temperature gradient at 10 hPa and an at least weakening of the polar vortex are missing. Conversely, the Arctic polar vortex was unusually cold and strong in early winter 2015/16 (Matthias et al., 2016) and the meridional temperature gradient was not reversed (see Fig. 5 ). Hence, we observed no indication for an ongoing SSW in the stratosphere. Secondly, the lower mesospheric weak westward winds are accompanied by a meridional flow towards the midlatitudes, weakening the residual circulation (Kinoshita et al., 2010) and, hence, causing a weakening of the downwelling within the polar cap. This is supported by, again, looking at the temperature gradient in Fig. 5 , which becomes weaker with time the longer the summer-like circulation lasts at altitudes between 60 and 70 km.
The planetary wave activity
Finally, we diagnose why the exceptionally strong summerlike upper mesospheric zonal wind reversal could occur anyway and be sustained for almost 1 month. Usually the Arctic polar vortex is disturbed by strong PW activity, especially by the stationary PW 1 (SPW1). However, in winter 2015/16 the amplitude of the SPW1 was much lower than usual and thus the polar vortex was barely disturbed (Matthias et al., 2016) . This strong polar vortex lead to a shift of the PW activity towards midlatitudes. This is shown in Fig. 6 where we compare the climatological amplitude of the SPW1 and SPW2 (black contours) with the activity observed during the winter later (6-20 January 2016) the SPW2 took over. Below 40 km the SPW1 behaved more or less like the climatological mean. Between 40 and 60 km the area with the maximum amplitude of the SPW1 was shifted by 10 • towards midlatitudes. However, above 60 km there is a clear deviation of the SPW1 amplitude from the climatology. The area with the maximum amplitude is shifted from 60-70 to 30-40 • N, which is a displacement by 30 • and only weak amplitudes are visible at polar latitudes. Similar to the SPW1, we also observe a shift, compared to the climatology, of the SPW2 towards lower latitudes at the stratopause. In the mesosphere the SPW2 seems to be amplified and shifted to higher altitudes in relation to the climatology.
That there was an anomalous southward-shifted wave activity during the winter season 2015/16 is also reflected by the Eliassen-Palm (EP) fluxes. Matthias et al. (2016) shows the EP flux in the stratosphere for NovemberDecember 2015, which is qualitatively representative for January 2016 as well (not shown).
Another interesting aspect of the SPW1 activity is its phasing. Our local observations were on a rather beneficial location with respect to the warm and cold phases of the SPW1. In Fig. 7 we show a longitude vs. latitude contour plot of the SPW1 at 80 km altitude. The wave activity leads to warmer temperatures above the midlatitude European sector compared to the low temperatures within the polar cap in the mesosphere. Due to the stable polar vortex the phase of the SPW1 was constant and thus the reversed meridional temperature gradient was sustained for almost 1 month until the end of January. The increasing activity of the SPW2 in January (not shown here) did not lead to a mitigation of the temperature gradient in the European sector. The phases the SPW1 and SPW2 sustained the temperature gradient until the end of January 2016 above the European sector.
Conclusions
During the winter season 2015/16 we observed an exceptionally strong summer-like upper mesospheric zonal wind reversal at polar latitudes with westward winds below 82 km and eastward winds above lasting for almost a month. We call this unusual wind reversal summer-like mesospheric zonal wind since it is similar to the summer zonal wind reversal and no signature of a SSW was observed in the stratosphere (after WMO definition). We presented a diagnosis of the meteorological situation in the mesosphere above the European sector using local MR and lidar observations complemented with global satellite data.
The remarkable agreement between the MR and the geostrophic winds obtained from MLS lets us conclude that the mesospheric zonal wind reversal, which we herein called summer-like mesospheric zonal winds, is associated with a geostrophic and thermal wind balance. As a consequence of the westward zonal wind between 70 and 80 km the residual circulation was weakened at these altitudes, leading to the observed cooling within the polar cap accompanied by a meridional flow from the polar region towards the midlatitudes in the European sector.
The exceptionally strong summer-like upper mesospheric zonal wind reversal was caused by an unusually high SPW1 and SPW2 amplitude in low latitudes, leading to a reversal of the meridional temperature gradient over the European sector in the upper mesosphere. In accordance with the geostrophic and thermal wind balance, a reversed zonal wind was observed between 70 and 80 km in Andenes. Due to the stable polar vortex in this winter, a constant phasing of the
